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I, the undersigned, being an officer duly authorised in accordance with Section 74(1) and (4) 
of the Deregulation & Contracting Out Act 1994, to sign and issue certificates on behalf of the 
Comptroller-General, hereby certify that annexed hereto is a true copy of the documents as 
originally filed in connection with the patent application identified therein. 



In accordance with the Patents (Companies Re-registration) Rules 1982, if a company named 
in this certificate and any accompanying documents has re-registered under the Companies Act 
1980 witii the same name as that with which it was registered immediately before re^ 
registration save for the substitution as, or inclusion as, the last part of the name of the words 
"public limited company" or their equivalents in Welsh, references to the name of the company 
in this certificate and any accompanying documents shall be treated as references to the name 
with which it is so re-registered. 
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^ APPARATUS AND MijTHOD FO R FORMING MATERIALS 

Technical Field 

This invention relates to an apparatus and method for forming a plucality of filler 
S elemems In a compo^te mateiUtl from a {dtase separating or composite fonning material. 

BackgTQund Art 

Methods of producing filam^s or fibres liave been Icnown inifae art ftn* a long tini^ 
10 For ^cample, spinnitig tecJuiii^ues afe used to produob fibres fiom polymer solutions. Britisdh 
patent Specification GB-A-441 440 (ZSegler) discloses one technique in whidi filaments are 
produced bry passing a liquid raw m^iial throu^ a porous porceJain tube. The filattienis 
emetge from the end of the porous porcelain tube in this disclosure, An opemtive medium is 
introduced into the porous porcelain tube through the pores of the tid». 

15 

Ttiero is ouirently considerable interest in the development of improved processes and 
Bfqiaratus to enable the mawfacuire of pdyroer fflaments, fibres, ribbotw or sheets, It is 
theoretically posable to obtain materials wifli Wgh tesnsilc sttengfli and toughness by 
OTgineering the orientatiott of the polymer molecules and the my in which they interact v/ith 
20 one another. Strongi tough filaments, fibres or ribbons are usefid in thdr own ri^ for flwi 
nwnuficture, for example, of suturos, threads, cords, ropes, wound of woven materials. They 
can also be incoipoiated intD a matrix wth or without ofter filler particles to produce tough 
and resilient composite materials. Sheets whether formed ftom fibtcs or ribbons can be stuck 
together to &nn tough larrdnated composites. 

25 

Natural siltcs arc fine, lusdrous filaments produced by the silk-^worm Bombyx mari and 
other invertebrate spiles. They otTer advantages compared with the synthetic polymets 
cuiroutiy used for the manufacture of materials. The tensile strengft and toughness of the 
draglhte silks of certain spiders can exceed ffiat of Kevlar™, the toughest and strongest man- 
30 made fitee. Spider dragline silks also possess high thermal stability* Many silks are also 
biodegradable and do not persist in the eavironmenU Tliey aw tecyclablc and are produced by 
a highly efficient low pressure and low temperature process using only water as a solvent The 
natural spinning process is remarkable hi that an aqueous solution of protein is concerted into 
a tough and highly insoluble material. 
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I AcconliQg to tai article hy J. Magoshi, Y. Magoshi, M. A. Becker and S. Nakamura 

entitled ""Biospiiuung (Silk Fiber Fon&afion, Multiple Spinnmg Mechanismsr published in 
Po^meric Maioiala Eocycbpaedla, by the Chemical Kubber Compaay, it is reported that 
5 imtural silks are ptoduci«d hy sopfaisticatied spinning techniques vAdck cannot yet be 
dupfieated 1^ mdn-niade spnning tedmolo^es^ One fbatme of the natuial qpuming process 
ivhich has not so far been duplicated in man-made spinning technologies is the pioduction in 
silkwoms silk and some spidi^ di;e«Ime silks of a pivialily of fflrtremefy fine elongated 
structures orientated longitadinally within fte fibre eadi one sunounded by a latge number of 
10 even finer protein nanofitoils. These structcues contribute to the hierardiical conq}osite 
oi^salion of silks and are thought to enham its tou^ess. 

US Patent No US-A-5 444 097 (IkacikX assigned to the Millipore Corporation 
teaches a mefliod of making porous polymeric stmctures in >vhich the composition or 
15 temperature of a polymer solution is changed sudit Ifaat tlie polymer solution becomes 
thermodynamically instable and separates into two phases. One of the phases in then 
dissolved and the other phase becomes the porous stnxiDture. 

An example of a yam wiih two componwits is known from US Patent No 380 
20 477 (Kent el al.), assigned to BASF C<»rporation. In this patent, a multicomponewt yam is 
manu&ctufed by co-spinning tw components. The melting or softening points of each of the 
components diflfers by at least 5%, The yams disclosed in this patent may also include further 
elements with differing properties, For ejcample, the ysains may incoiporate carbon fibres. 

25 Polymer blend fibres having an island-in-tbe-sea structure sue known ficm US Patent 

No. US-B-6 245 268. In this application, a phase sepj^^on structure is obtained by cooling, 
drawing and teat-treatment of polymer blends, ExtnwiOtt or drawing out of the fibres is 
carded put at a temperature of between 3I0«C and This patent document emphasises 
that a mediamcal load, such as stiess^ should not be applied to the po lymer blend melt when 

30 the phase separation occurs so that ttie phase separation struptwe is neither stretched nor 
dcfonned* Giv^ that proteins denatice at tempezatuies above ti« teachings of US-B^e 
243 268 cannot be applied fcp the creation of phase separation stnictim in pioteins. 

H would fhrtbermorebe deakabic to be able to add fdlers or dopants to the proiemsin 
35 Older to be able io change fte properties of the composite numer fomwd. 
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Rnmrrtftfy of the hvention 

Tb6te as tbeiefeie a need to improve the pxoperties of «ctwded piotein material. 

S 

These and other objects of the invention are solved by the use of a starting 
solution to fonn a phtfaHty of filler elcnwnts in a oomposHe juaterial. The storting solution 
e<»nprises al least one protein and a least one feriher compound, tfie pimalily of filler elmienl 
bong formed ftom the at least one further oompound. Using dds sorting solution^ flrfier 
10 matmals imparting different propotie^ can be incorporated into the «xtnided profceirts. 
Ptefffably the filler elements are filler particles, filler fibrils* elongate fluid-filled cavities, or 
micdiles. 

In one embodiment of the invention, the starting solution contains a mfactuie of two or 
15 moie proteins, synthetic protein analogues or synthetic pdymers or a mi^dure of synlbetic 
polymer or polymers and one or more prrteins. This allowa a oomWnaiion of properties in the 
exlnided material. 

PrefetaWy. the starting solution includes a phase sejariatiBB selected from the 
20 ffonp of phase sef^mtbg agents consisting of ptoteogjycans, glycosaminoglyoand, 
carh^ydrates such as treJjalosei suerose, polyols, peptides or prqteins rich in serine and or 
ihieomne, glycerol and its derivative^ and detergents to promote the phase separation. 

These problems wta also solved by providing a method of forming a composite 
25 material coQtaining a plurality of filler elements wM^ 

i) a first step of preparing a starting solution contaSnhig at least one pniteia and 
at least one fiuitfaer compound; and 

ii) a second step of inducing the starting solution to separate into a bulk phase 
30 and a minor phase. 

In one embodiment of the invention, the starling solution additionally contains a 
.solvent and Ae second step is initiated by withdrawing the solvent from the starting mixture. 
The wiflidrawal of the solvent is carried out by drying the starthig mixture, by the addition of 
35 a sohm-btading agent or lagenis. by altering the pH, by altering ih& temperature, by ohm^ng 
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ibd pi^sure by adding Inoisaalc salts» adding other phase sepasatbg CiuniMutid or 
Gompounds, orhya. combinBtiDn of two or more of thesis &ctoi^. 



Good flbmus materials have been made from a starting sohition comprising a mixture 
S of spidmin I and spidtoin 0 or analt^es thereof. In one embodiment of the invention 
jmteins tak^ csc extidated &om Qie silk gland of a lepidopterai insect or fiom an arachnid ans 
used. 

Proteb fibres made fiom the composite forming fnateriaJ ^ produced by flowing tbi$ 
10 material throi^ a die. The die cawi have a convergent forin with a oon verging surface along 
and tov(^rd$ the axis of the die. In w^iich co^ the minor phase is elongated substantially 
parallel to tiie parallel axis of die die. This allows - in contrast to the disclosure of the prior 
art US Patent Na US-B-6 24S 268 - the tofrmtion of fine elongated structures in the 
composite tneiksisi TbQ die can also have a divergent fbixn, in diijs latter case, the small 
15 droplets are caused to elongate ink> eloi^ted filler fibrils or elongated fluid filled cavities 
orientated in curved ho<^ describing the axes of elongation as the composite material is 
flowed thnmgh the die. 

Hie isve!n&>a is abo solved by a mettod of extruding a starting material lo forni a 
20 composite materia containing a plurali^ of filler elements wiHi the following steps: 

i) a fii^ step ofpateparing the starting solution; 

i\) a second sitep of inducing the starting solution to separate into a Mi phase and 
aminorphas^and 

25 iii) a thhd step of extruding «he starting tnaterial dthen: prior to or coincident with 

the second step to fimn the composite materiaL 

An apparatus for solvhi^ the problem staled aid for £>fmiitg a composite matnal fiom 
a starting solution is al£» provided. The apparatus Tm a storage compartnjcn! ftif storing the 
JO stating ralxtuie, the ^tailmg mixture containii^ at least onepiotdn attd at least one fasO^ 
conp)undandaphase5qjawtton«impartmen^ il^^ 
at least one further compound of the starting mijdure into a bulk xhaterial contaimng a 
plurality of filler dements. 
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TTie phase sqiamtion compartment comprises a compartaoit for withdmwixig a solvent 
from the siarting mixture by drying, by the addition of a soivent-bimling agqnt or agents, by 
altering the pH of the starting mixture, by changing the pressure, by adding Inorganic «alts to 
the starting mixtwrc, by altering tho temperature, by changing tbe pressure, by adding 
5 irtorganic salts to the startbigniijrtUTe, by addijig tote 
compound or compounds or a combination of these. 

In another embodiment of flie invcaitiot!, the apparatus comprises a storage conqwrtnaent 
for storing the starting mixture, a phase sepaniiion oompartmat for sepaialing the stflrttng 
10 mi^cture into a bulJc material containing a pluraliiy of filler elemeni? and an extrosJon 
compartment for eKtiuding the butic materia]. 

In a iuriher embodiment, a stable phase separated mixture can be fomwd and stored 
elsewhere and subsequently extruded. ^icaUy throi^ a diveigent or conv^^ent die. 

15 

Using this apparatus and me1fao<I> a composite mateiia} con^ang at least qx» protein 
and at least one fimher compound is formed. The compositfi mali^al has a bulk phase and a 
plurality of Qiler elements and at least <xie of the bulk j^taae or (be plurality of filler dements 
comprise a protein, Piefcrab|y the coniposite material oompci^s two or more proteuiis or 
20 synthetic protdn analogues or synAetio polymers or a mixture of s^th^ polymef or 
polymers and one or more ]»tytcitts» 

A mixture of spidroin I and spidroin n or analogues diereof or fibroin proteins or 
analogues thereof can be used as proteiiis. In one «mbodunent of the Inv^fition the at least one 
25 protein of the composite material contprises a spinning dope cximoted fix>m the silk gland of a 
lepidopteraa insect or fiiom an arachnid 

Description o f the Drawinia 

30 Fig. 1 is a geuCTaMsed schematic repafeaentatlon of apparatus tar ihc feemadon of extnidcd 
materials from a composite material; 

Fig. 2 is a schematic cress-sectional view along the longitttdinal axis of a die assembly of the 
apparatus shown in Figu^ J ; 
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Fig. 3 is a sdiematic perspective view pf the die assembly shown in Figure 2; 



Fig. 4 shows inicragi^}hs otiht luminal contents of fhe proximal part of the middle division 
5 of ihc silk giand of Bombyx morl taken with a differential interference microscope 

using a x 3 0 microplan objective. In Fig. 4 a the fibroin/ water inter&ce is at the top of 
tbe microgn^i^ A dear torn: containing no droplets at (he intenface 10 mlnute» alter 
the additibn of Ifae iwater^ In Fig. 4 b ibe iibroin/&ir interim 10 minutes after drying 
$birM showing numerous small droplets developing in the fibroin at the inter&ce. . 
10 Fig 4 c is as figure lb but taken 30 minutes after drying started. Hie droplets have 

increased in diameter white the zpne containing diem has wid^ed. 
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Detaiied Description of <ha Inventton 

The disooveiy of the ytay in which spiders and silkwoniift produce thdr silks piovides 
a hed% fitf the invention together with experimentation on spider and silkwoxm naturai 
5 spinning solutions. It has been fi>und thai na^ldmg the walb of 

through whicih the Gomposite material is ^druded at least paitly petmeable or porous, 
preferably selectively pmedble along the length of the tubiilar passage, which is preferably 
t^iered, it is possible to control pit>perties such as the pH, water content^ ionic composition 
and shear r^ime of the conq)osite material in difieient regions c»f the tuboiar passaige of the 

10 die. Purthcatmor^i* the jkhtous wails allow the additioja of a phase sepaiatii^ agent to the 
composite material, such as pn>teog)>3^?ans, glycosamlnc^iiycana, caibohydcat^ socb as 
tithalose, suciose, polyols* peptides or proteins rich in serine aiMl <a thteomne, giyc^ol and 
its derivatives, and detergents to the composite fiunung nifacture* The tempezatore mi 
ptessure of the composite fgmung mixture can also be controlled by addk^ heafas/coolers to 

15 thewalteandl^i^ingorlowBrii^thepsessuteintte 

lA this Invenliofi, the composite fomiing material comprises at least two polymers. Tb& 
construction of the tubular passage and the o^ier parts of fhc c^ppamtus through u^ch 
com[K)SLte fcffming material is extruded enables the phase diagram of (he compositie fonnfaig 
20 material to be controlled. This allows one of the phases of the composite forming material 
(hereafter teimed the minor phase) to separate om of the con 

small drapl^ withu) the rest of the solution (beteafter termed the bulk phase). In addition to 
small dn>pkls> micelles coidd also be fonned wiftin tiie composite materiaL 

25 Conveniently the walls defining the tabular pass^e(s) are sucroimded by s£id 

enclosure means to provide one or more compartm^ts. Hiese compartooenls act as jackets 
aromid the tubular passageCs). The or each tubular passage suitably has an inlet at ont end to 
receive the composite forming material and an outlet at tbc other for the fonned or extmded 
composite material and is typically divided mto three paits aavanged consecutively, the first 

30 part or initial zone allowing for t}ie pce-treatmetit and pre^>ri^tation of the fibre-fomiing 
polymer molecules in the liquid feedstock prior to forming the composite material by draw 
down, tiie second region or subsequent zone in which draw down of the '^thread" takes place 
and which IvnctiDns as a treetraeni and coating batb^ and the thh4 part or final part has an 
outlet or opening of restricted cross-sectign which serves to preveait the loss of the oonteDts of 
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the ^treatment balb.*' with the emergiqg fibre and to provide for the ooimnencement of an 
optiomi air drawiziK sbig?. 



It vdll be aiq>ieciated that any solution or solvent or other phase or phases surrounding 
5 the Gbr^ in the second part of the or each tubular passage also serves to lubricate the fibre as it 
moves through and out of the tubular passage. The solution or the solvent can be tentoved 
tibxoii^ the porous or sexni-^permeable walls of the tubular passage. The removal of the 
solution or the solvent can also lead to phase scparatiob in the compodte fbixning material. 

10 Ail or part of the length of each tubular passage typically has a convergent geometry 

typically with the fiam^ decreasing m a substantially hyperbolic fashion. Accordhig to 0. 
Y. CSien, J.A- Cuculo and A. Tucker in an ardcle entitled "Characteristic and Itesign 
Proceduie of Hyperbolic Dics^ in the Journal of Polymer Sciences: Part B: Polymer Physics, 
Vol, 30, 557-561 in 1992, it is reported that the orientation of molecules in a fibre can be 

IS improved by using a die vAUx a convergent hyperbolic geometiy instead of the mott usual 
parallel capUlaiy or conical dies. 



In another embodiment of the invention, the die has a divergent form, in this case, the 
small droplets are caused to elongate mto elongated iilis' fibrils or elongated fluid' filled 
20 cavities oiletttated hi curved hoops describing die ax^ of elongatk»i as ±e compofidte 
material is flowed throagh fiie die 

Hie geometry of snbslanti^ all or pM of the or eadi tubular pass^e may be varied 
to optinuse die tate of elongational flow in the composite mateial and to vary the cross- 

25 sectxcmal diape of idie foimed material piVKhiced fiom it The prefored substantially 
hyperbolic tekper fo^ part or all of tbe or each tidndar passage mamtBios a slow and 
sttbstantfally constant etoi^onal flow rate tibus preventing unwanted disorientation of the 
fibre-foiming molecules lesnlfing from variation in the elpngationa] flow rate <»■ fiom 
premature formation of insaoltible material before the con^odte £:mnmg material has be^ 

30 appfopriately reoriented. A convergeirt t^ to the tubular passage of die vrill bduce 
elongational flow which will tend to induce a substantially axial al^nment in the fifare- 
fbnning molecules, short fibres or filler particles contained tai tibe composite forming material 
by e5q>lomng flw well known princ^e of clongafiond flow. Ahernattvely. the principle of 
elongationai flow duough a dSver^ instead of the conveigent die can be used to induee 
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oriortatiDn in the hoop diwction that is substantiflUy transverse to tfae dowtion of fkw 
UmKigh the dive^ent part of fte die. 

It should be noted 81 this stage flat the if miwHea aie fonned in the composite 
5 material, these wiU not be donated due to thdrsnaallfflie. 

The diameter of the or each tubular passive may be varied to produce fibies of the 
desired diameter. 



10 



IS 



20 



Tht Afiology of the Uqqid composite fanniagmateiial in the tubtilar passage of the die 
is largely independent of scale, thus enablfag ^ size of the appamtns to be sealed up or 
do^vn. The convergence of the hAular passage aUow a *ide m^ge of drawing rates to be 
^«ed typically rangiiig ftom 0.01 to 1000 nun sec"'. It is tectoologjcally possible to have 
higher dmwing rates. If fib«s a« bdng ertmded thqr may typicafty have a diameter of fion, 
0.1 to 100 mn. Wcally the oudet of the tubular passage has a dianwter of flom 1 to 500 jun 
with the diametcj of the inlet <rf the tttbtiiar passive beiitg to 25 to 150 tim^ 

depending on ths flow h is desiied to produce. TubuUr pa^ of alternative 

cioss-sectiond shapes c« be used to produce fib«^ flat ribbons or ^ 

matoials with other cross-sectional shapes, 



All or part or parts of the walls of the or each tubular passage of ^ dieasseinbly are 
constructed to of fonned or moulded to selectively penwable aad/or porous imterial. 
3«h as cellulose acciate-based membratw sheets. The membrane can be substitutsd with 
dlethytentaoethyl or caiboxyl or caiboxymethyl groups t» hdp maintain p«>tein4>ontainbig 
25 coBq>ositefi«ming materials irt a state suitable for s^ 

substantially hydrophobic with 8 ailicoruzing or sUanizirtg solution or with 
polytetrafluotoeflwlene particles. Oflier examples of permeable a^d^r porous material are 
hoUo^fibre mertibranes, such as hollow fibres coiisimcted iiom poly^ulfone. 
polyethyleneoxid^polysulfime WouJs, sillcot,e or polyacrylonitdie. m occlusion limit 
30 selected for the semipeaaeableinembranewiUde^er^ 
vd[glrtconstit»ientsofthBcorapositEfbnnbsmate«ial.b^ 

All or part of the walls of the or each tubular passage can be constructed ftoro 
selectively perffleaWe and/or peroas maieriai in a mimher erf different ways. By way of 
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exaxnple only a selectively permeable azid/or pDit)u$ sheet can be hsid in ptace over a groove 
with suit^Ie geometry cut into a piece of ma[terial to foim the tubular passage. Alternatively 
two sheets of selectively pemieable and/or porou& iDaterial can be hdd in place on either side 
of a separator to constnict the tubular passage. Alternatively a single sheet can be bent round 
3 10 form a tubular passage. A hollow tube of selectively pemeaWe and/or porous material can 
ako be used to construct all or part of the tubular pa wage^ By way of exampte only, a variety 
of methods aie available to sfa^ the tube iitto a die 9S is commonly known to a craftsman 
skilled in the art. 



10 The interior walls may fiirtibermore be substantially amooth or may be pro\^ded with 

•"ridges" or bwnps on at least part of the wall. The presence of such modlficadons hx the walls 
aids in &a draw-down process. 

The uss of selectively penncabk and/or poroua walls of substantially all or part or 
1 5 parts of the tubular passageCs) enables tite proper control within desired limits of, for cxamplcp 
the concentration of fibre-fonning mateiial; solute compositioii; jonic compodtion; pH; 
dielectric properties; osmotic potmtial and oth^ pl^rsico-ckemica] properties of &e 
composite fomring material ivithin fte tubular passage by applying the well-knovns principles ' 
of diatysis, reverse dialysis^ uitFa-filtrotion and pie-evqscmtion. Blectxo-osmo^s can also be 
20 used to cratrol the composhiDn of tbe composite fofming material within tiie tubular pas^& 
It will be aiqneciaied thai a control medi^ism receiving inputs relating |o th« pnxkict being 
formed, for exan^pte the diameter of fte extruded composite material and/or the reastance 
countered in die tubular passagie, such as during ^truaion duoug^ flie outlet of the tubular 
passage can be used to control, jbr eMsmple^ polymer concentration, solute composition, 
25 ionic composition, pH, dideetrie properties^ osmotic potenda] and/or other physicochemica] 
properties of the compo^ ftrming ntaterid wiftin die tubular passage. 



The selective ptizmeabiliiy and/or porosity of dte wads of the or each tubular passage 
may al^ allow for the difiimon dsroi^ the walls of further Buhstanoes into the tubular 
30 pas5aee(s) provided that these have a molecular weight lower than the exclusion Emit of die 
selectively permeable materia] fiom which the walls of the tubular pa^geCs) are constructed. 
By way of example only the additional substances added to die composite formiAg materia] in 
this manner may kchide sur&ctants; dopants; coating a^^its; cross-Hnking agents; haidenecs; 
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and plasticiMrs. Lerg^ siaed aggregalBS can be passed thnm^ fhe walb of the tubular 
passage if it is porous rather tijan bebg simpty iMmiirani^ 

The compartments sunounaiag the walls of the tabular passage Of passages may act as 
5 oneormoreti^atmentzoaesorbathsfbrcoiuiiticHiingtbefibrea^ 

passage(s). AdditwMl treaimeat oan occur after the material has esdted d» outlet of the 



2S 



30 



One or HKaeiegions of the oreacbtubularpassagemay be bwioiiikW by one orn»fe 

10 conyaitmentsamuigcdconsecutivdywastoattasajad^ 

solvent, gas or vapour in contact with the oo»r suifiee of the sdeetivetsr penn«*lB walls of 
tiie tubular passageCs). typically solution, wlveai, gas or vapour is dKwIated *raiigh the 
coo^artment or wmpartments. The vwata of ti» oompartmenl or eompartmeols a« sealed to 
the outer suifice of the waU or walls of ,lhe tububr pa3S9gc(») by that will be 

IS nftderatoodbyap«»osldlledinthcatt.Tlie<x«^^ 

*e ohcmical and p^cal conditions within the or each tubular passage. TTius the 
coapattments sunoundhig the tubular passase(s) serve to defiae the conect pwcessing 
<«ndition8 withto the composite fommig material a* «iy point along the mbular pa3sage(s). In 
this w«v parameters such as the temperttore; hffdioabtic pms^ ooncentiaaon pf fibre- 

20 forming material; pH; solute; ionic comporftiw didectric c^t; osmolari^ or other 
physical or chemical parameter oan be coatroUcd in different Bgions «f the tubular passage as 
d» composUe fo«afa« material moves down the length of the die. By way of example only, 
continuously graded or stepped changes ip the piocesstogBBvirO!ffl»e^ 

Conveniently a selectively pomeafale/porous membrane can be used to treat oi«s side 
of a fbnning extrusion in a different way to the oflier side, Tliis can be used, for example, to 
coat the «*U5ion or rnnove solved fiom it asymmetricaUy in such a way that the «*«.on 
can be made to curl or twisL 

All or part of the draw down process nay typically occur within <he tubular passage of 
ih« die cather than at the outer fece of the die assembly as occurs m existing spinning 
apparatus. The fo<«ier an^ament offers advantage over existing spimiing apparatus. The 
distortion of molecular alignment due to die swell is avoided. The region of the die assembly 
after the internal commencement of the draw down taper can be used to apply coatings or 
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treatments to tiie ^^Ktrusion, Further, the last part of tfa« die assemhb^ is water lubricajed by fte 
solvent-ridi phase surrounding the extruaion. 



By way of example <mly the apparatus can be used for fotnung fibres fiom composite 
5 forming materi^s containing solutions of tecombinant spider silk proteins or analogues or 
recombinant silk woiwi silk proteins or analogues or mixtures of such proteins or protein 
analogues or regenerated silk solution 6om silkworm silk. When these composifca forming 
niatcrials are iised it is necessaiy to store the compoisite fonning niaterifll at a pH above a 
cntical vahie to prevent ^ premature fonnatlofi tiff insoluble m^ria]^ It will be appreciated 
1 0 that other constituents may be ssided to the composite forming material to prevent premature 
solidification or galling of the proteins or protdn analogues in soludon. These constiments 
3tiay Hm be imiDved ftzough die s^m^penneable and/or porous walls when the composite 
fbrming material has reached the appropriate portion of the tubular passage in v^ch it is 
desired co indoce the dansidon fiom liquid composite foizning material to solid composite 
15 diatenal^ &g. thread or fibre, the composite fbrroing material within the tubidar passage can 
tttdi be brought by didy^ against an ai^pdate acid or base or bofier solution to a pH 
value at or close to the critical value to indiace aggstegatioD or cosfbnnation change in one or 
mote of thfi ccmatituent proteina of the conqsosite foranng mat^al. Sudh a pH change will 
ptXMiOte the formation of an insoluble material A volatile base or acid or buffer can also be 
20 diffiised throuf^ the walls Of the or each tubular passage fiom a vapour phase bi the 
simoundlng compartmetit or jacket to adjust the pH of the composite filming material to the 
desinsd ysim. Vapour phase treatment to »$ust the pH can also occur after the extruded 
mat^al has left the outlet of the die assembly* 

IS The dmw rate and length, wall iMdmess, geometiy andmalerial composition of tfaa or 

each hibwlar passage may be varied along its leagjh to provide dififercnt leteuiion times and 
treatment conditions to optimise the psocessi 



One or nww regions of the walls defining the or eadi tubular pass^ can be made 
irapemwable by coating thehr inner or outer sur&ces with a suitable material to jnodiiy flis 
internal environment in a lengtij of die tubular passage using any coating metiiod as wm be 
understood by a person skilled in the art. 

Th«? mner surfece of the waUs of the or each tubular passage can be coated with 
suitable materials to reduce the ftiction between the waUs of the tubular passage and die 
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oomposite fonning material or fibre. Such a cofitiog can also be used to induce ly^praptiato 
mfprfrfti** molecular allgmneatt at tliB walls of &e tubular passt^ to Ikpad cnrstaUine 
polym^s when these aie included in tiie oonipodte fonaJng maneria]. 

S In this applicadoo, a con^iOBite formii% material, is disclosed virluch is prqpared from a 

piyiyj sqnzatiDg mixture ooAtcdnii^ two or moie o«D|x»Kinis vAaohr &r exanqde, may be 
difierent pn^mas. Tbe t&tmul we additioa of oompooeots Hacnt^a ti» selecfivi^ penneable 
Md/or pot^ua materid ean be used 10 control the ph»« sepa^^ 
of one or more comp(»wnts tsi»cally with a dioneter of) 00 to 5000 nm witbin die bulk pbase 

10 in d» final extiwioiL, These can be used to eiibpace the tot^meBS and o&er nwdjanical 
ptoiMittes of tbe extnei^ Tbe of a COTVergsat or diveiEeat die conwsaieaHy induces 
eiongatianal flew In the dwpleb to produce orienWed and elongated fiUer partlclw or voids 
witfain the balk phase. A convragrait die will wiradafc and eloogate such drojrfets in a 
atecdon jwoalldl to that jof die fiomed product vdtEieas * diveigcpt die -will tend to orierttate 

15 the droplets in hoops UansveBe to the direction of flow of eaeli pflrtide within die tubular 
passage of die coinposlte ibnniiig material. Both typts of toaagement can be \i*ed lo enhance 
flje. properties of tbe fonned compositB natetial. FotdiBr it wiU be understood that fte 
selective pwmeable and/or porous walls of the or eadi tubolar passage can be used to 
difiEuse in or out chemicals to inidste tfaepolymeiisadai of filler paidcles. 

20 

The q)inning ^paratus vwdi one or more tabular pasMges sanounded by a 
compartment or compartmenis to act as Jackets can be conslnicted by one ot two stage 
mouldhtg or odier mediods known to a person skilled in the ait It wiU be apprecialed ihat a 
moulding prorass can be used to cieate simple or comjdest profiles fw die or each tubular 

25 passage and the outlet of the die assembly. Vcs^ small flexible Ups can be fonned, e.g. 
moulded, at flie outlet to prevent the escape of the contents of fte treatment bath and act as a 
lestiiGtioii to enaUe sn optional additional air drawing stage or wet drawing after die materiiil 
has left die outlet of die die assembiy should this be required. Una micnKoopic profile of die 
inner suifece of die Hps at fte outlet can be used to modify d» texture of die suifecc coating 

30 of die esciruded material. 

By way of example only, die Jackets and siq)ports for die tubular passages can he 
coQsliucted fiom two or more components formed by injecdon moulding or constructed in 
other vmys as will he nndetstood by a {wraon skilled in die arte. It WOI be appreciated diat this 
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method of construction is modular and that a number of such modules can be assembled La 
parallel to produce simultaneously a number of fibres or other shaped products. Sheet 
materials can be produced by a row or rows of such modules. Sucb a modular arrangement 
allows for the use of manifolds to supply composite fonuing material to fhe inlet of the 
tubular pasa;^s) and to supply and remove processing solvents, solutions, gases or vsgxmrs 
to and from the jacket or jackets suiroimding the tubular passages. Additional components 
may be added if desired. Potential miodifications to the arrangements shown will be apparent 
to persons skilled In the ait. 

to Other methods of constructing spinning apparatus in which the walls of the tabular 

passages are substaontially or partially constructed fiom semipermeable and/or porous m&tedal 
or materials will be known by a person skilled in the art. % way of example only these 
include micro-machining techniques, laser ablation techmques and Utfaoe^phy techniques. In 
addition it will be ssppEStksed thai wails of the tubular passages substantialiy or partially 

15 constructed fiom semLpermeable/porous material can be incmporated into other types of 
spinning apparatus^ such as dectrasqiiiinfaig apparatus. 

The or eadi tubplfur passage TDEiy be made self^taitu^ and self-«leamng. It will be 
appreciated thai blockage of spinning dies during the commercial pioductjo^i of extruded 

20 material is tfme-cQn$uming and costly. To dverccmie this diflScidty^ the walls of the nibular 
passage may be constructed by two or more jackets arrai^ed in s^uence, The ]»essure in 
each of these Jadoets can be varied hide]>endently by mediods that vviill be understood by a 
CJfaflaman dolled in (he art. ftessme changes In the jadkc^ can be used to change (he diam^r 
of difRarent fc^'ons of ^ tubular passage in a manner analogous to a peristaltic pump to 

25 pump £he composite fonniqg maietial to the outlet to ctmuneoce the drawn^ of iihies, to 
otear a blockage or tc induce {Aase separation. Thus a decrease in pressing d jacket towards 
the outlet end of the tudsulsr passage will dUale the elastic wall$ of Hie tubular passage within 
the jacket If the pressure is now raised m a second jacket closer to the input md of tfie tubular 
passage & rpgion of the walls of &e tubular passage numing flnou^ this jacket will tend to 

30 collapse fotdD® the corapoate forming material towards the outlet AHenirtjvely, the psessute 
hi the composite fbrming material fed to the tubular passage cmM be bcreased causuig the 
diameter of the elastic tubular passage wdls to htcrease. It will be appreciated that both 
methods could be used together or consecutively. Wia both wefliods, the elasticity of the 
f^issage wails enables the diameter of the tubular passage to be iocv^^sed reducing &e 
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resistance to flow. With botb methods it is to be noted that inoieasixag ifaei pressure of the 
composite forniing materiai will also assist in start and in cleattqg biodEflges In the tubular 
passage. It wiD also be antedated by way of example only that fte use of xoUers such as ace 
used In peristaltic puaaia can be used as an alternative means of ^lyii^ piessaxe to pump 
S composite forming material to the out!^ to eonunence ^innifitg or to dear a blodeag^. 



Hie ^paratus my be arranged in sodi a way that two or moie fibres are formed in 
10 paiallel and twisted around each other or oimpcd or wound onto a fomer or coated or left 
imcosted as desired. The fibres can be drawn through a coating hadh mi subsequoidy through 
a conwgwt die to give dse to on **island-in-thc-sea** composite material as will be 
understood by aperson skilled io the art One or more rows of dies or one or more dies with 
sfit or aximiter opedng can be used to fomi shed 

Best Mode for Carrying <mt the Invention 

Figure 1 shows a schematic i^iparstus for the jformation of composite materials Jfrom a 
composite forming material or a dc^ 25 comprising at feast two con^Kments. At least one of 
the compcments of ffie oonqposite forming raateriri is a protein, sudi as a spidroin or fibroin 
protem. The other one of the components of the composite forming material can be a pwtein 
or can be a dopant to be included in the protem. The oomposite fiorming material 25 may also 
include phase separating ^ests that aid in the pbaso sepaxation of Q]« components of the 
composite forming material 25, Such jlbasc separ^tbg components indude, but are not 
limited to ptoteoglycanSt glyeosanoinoglycans, carbohydrates such as trehalose, sucrose, 
polyols^ peptides or proteins rich hi serine tod or threonine, glycerol and its daivadves, and 
detergents 

The ^peratus comprises a dope reservoir 1 conlaimng the composite forming material 
30 25; a iwcssure regulating valve or pump means 2 which maintains ^ constant output pressure 
under normal operating cx)iidition$; a connecting pipe 3; and a spiwiing die assembly 4 
comprising at least one spinning tube or die further described in figures 2 to 5- A take-up 
drum 5 of any known construction draws out and teets up extruded material at a COiiSTant 
tarteion exiting from the outlet of dze die assembly 3. The pxessore regulating valve or pump 
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means 2 imy b$ my d&vice ncttxnaKy producing a constant piessmre commonly known to a 
person ^Ued in fhe art 

The arcaitgement shown in Figure I is purely exemplary and addhiDnal components to 
5 th^ arrangement shown in Figure 1 will t>e appeal to p^sons £ddlled in the art In use, fhe 
eotnposite fanning materia] 25 is passed irom the feedstock reservoir I at a constant low 
pressure by means of the regulEOiQg valve or pump medns 2 via the connecting pipe 3 to the 
inlet of the spinning die assembly 4. 

10 The die assembly 4 h shown in gre^r detail in Figures 2 and 3 and comprises a first 

spioning tube or die 8 upstream of a second spinning tube or die 1^, the dies together defining 
a tubular passage 17 for composite material 25 through the die assembly 4* The die 12 has an 
interior ^vall 1$ and is divided into an initial zone 60 and a subsequent zone 62. The dies 8 
aud 12 axe made of semipenneabk mi/or pomus'^ material, such as cellulose acetate 
1 S membranes or sheets. OAsc examples of suitable semipermeable and/or porous materials are 
diethylAminoethyl or carboxyl or carboxymethyl groups which help to maintain ptotein- 
CMtaining dopes in a state suitable fiir spinning. Hollow-fibre mraibranes niBterial« sudt 
hollow-fibre meo4ina»s hdng made fiom polysulfbne* polythyleaeoxlde^pclysnlfone blends, 
silicone or polyaexylomtrile can also be used. Tb& exclusion limit selected fbr the 
20 semiprameable membAne will dep^ on the size of the $md!l molecular weight constituents 
ofthespinnkkgd<qpe 25 but is typically less tttan 12kDa. 

The die 8 is held at its uf^tream end 1? a tapered adaptor 6 portioned at the 
udet end of the die aasembly 4 and Bt its dowEmtream end fay a tapeped adaptor 7 positioned 
25 internally In die die assemUy 4. The die 8 is held at its upstream end {qr the adaptor 7 and at 
ite downstream mid by a sp*got 13 at the outlet of Ac die assembly 4. The die 8 has a 
convergent^ preferably ^perboltc^ ialema] passage and Ibe geometrical ispes h preferably 
continued with tiie internal passage of the die 12. This can bo aohieved duiing construction I? 
softening a semtpetmeable tube or die an a warmed suitably tapemd mandrel, or by other 
30 methods as will be lyspKeiated by a craftsman skilled in the art befbre fit&ig the spimiing 
tnbe ordie into the qqiaratus. The internal passages oftte dies Sand 12 together provide die 
toAular passage 17 tor composite material linm the inlet to the outlet of the die assembly 4. 
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A jacket 9 surrounds the die 8 and mi^ contaio a fluid, eg, a solvent, solution, gas or 
' v^ur to control the prtccssing conditions within the ^indine aibe or die 8. The jacket 9 is 
fitted vrfth an Inlet 10 and an outlei 1 1 to control flow of find into and otil rfthe jad«t. A 
further jacket 14 sunoxinds the tobe o* die 12 and fa fitted with a flmd inlet 15 and a fluid 
5 outlet 16 to enabk fluid, e.g. solvent, soludotJ of gas, to be passed itito and out of the jacket 
14 in codact wiA the aemipenneable/pOJOUS walls of the die 12. 

As m altemative to tiie die 8 shown having semipenneable toIIs, a die 8 may be 
constnieted ftom material vA&sh is not samipenncahle or pOKnis but which is preferably 
10 tapered, e.g. conveigently, and may be iemperator**ot«»il»J by dreulation fluid at a 
jtfedetetmuied tempetature through tiic jadot 9. 

In opeiaaon. the composite forming iiMtterial 25 is fed to the inletef the die «,as the 
composite foraiing joateriai 25 passes along the tubular passage 17 it is tieated ftstly as it 
15 passes through the die 8 ttrisMondly as it passes through »e.di^ 
through the jacket 9 nMQ- merely serve to heat or inaintato the 

at the correct temperanae or provide the coneja odemal pressure to the vialls of the die 8. In 
this case it is not essaitial fljr the waU« of the die . to be wade of semipermeable aiidAwr 
matedaL The temperature of the dies 8 and 12 for the extiuaion of the compositB fbnrting 
20 maierirf25shouldtypicaUybeiriatatafaiedatatefflperi«turerf 

be carried out at terr««ratures as low as 2°C and as high as 40"C. It sho^ 
5pmrtit«ofinaterials»ntB}ningpi»tebs8houldnotbe«^^ 

40"C as there is a liafc that the proteuis denature at these temepemtures. The temperatufe of 
the dies 8 and 12 foe ehe extrusion of dopes can more generaUy be as high as 1 OO'C providing 

25 that the inaterial is not destr^^yed at this tempetature. Tl»p^^ 

hi the jaofcets sunounding the walls of the hflwlar passage 17 is lypically niaintaiiied at a 
pressure close lo that at which the composite fonung material 25 is supplied to the die 
assembly 4. Htwever the pressmft can be. somewhat hl^ or tower depending on the 
geometry of the dies and the strengQi of the generally flexible semipenneabJe and/or porous 

30 taManbrane. "Chemical" treatment of the composite forming roaterfal 25 occurs durmg Mww 
down" as the composite fonning matertal 25 passes through the die 12 although chemical 
tte«ment n»y also occur as the composite forming material 25 passes dnough the die 8 If the 
weUs of the latter aw at Iceist partly made of gemipenneable matejial. In Pignres 2 and 3, the 
abnitt palling away of the composite fonnmg material 25 from the walls of the die 12 at 12A 
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indicaties tbe internal draw down of the *Tibre'l This occurs at tbe ix>iiDdaiy of the initial zone 
60 and the subsequent zone 62. 



Within the tubular passage 17. the phases of the consposite ftfming tnateri^l 25 
5 separate out into their individual components due to the **cteniicar* treatment of tfa? 
composite fiimnlng materia! 25 or changes in the physical environment of the composite 
forming material 2S. In general two phasra are fontied, although it Is possible for more than 
two phases to be fbmied. The first phase - or dw bulk phase - h»5 the majori^ of the 
component and act^ as a niatrix. The second pfaase-or the minor phase - incorporated into 
10 the bulk pha^ in the form of small droplets or micelles, the small droplets may be either 
fhud^'fliled or can be solid filler particles. In one embodiment of the invention^ the minor 
[diase includes a material vMch can be cross^ltnked to form ehher hard or eiastomeric filler 
elements. Examples of such materials faxdude concentrated protefai solutions^ spidroin I or n 
orfibioin^ 

15 

Hie pulling away of the ^fihre" fi»m the die walls at 12A occurs at a place in the 
tubular die 12 iwhere the force required to produce extensional flow to cieate a new surfiace 
justfiJIsbdawtbefiuwreqcdredtoftowtheoono^ through the die 12 

in contact with the die walls. This is tbe positk» at which die sur&ce energy of Hie intoior 
20 wall 18 becomes lower than tin suifice energy of the compodte fonning material 25. The 
position of 12A will deprad on: the changbig ifaeological pftqperties of Ae composite fintning 
material; the srte and finoe of drawiog; the smftce propenxea of the die 12; tbe sur&ce 
propoties of the Ihdng of the die 12; and the pfcperiies of Ae composite (bnning material and 
flie aqueous phase sucroundhig the composite finming material, 

25 

It will be ajqineoi^ that the tempcratMie, pH, osmotic potw^al, colloid osmotic 
potential^ solute composition, ionio compasition^ liydrostatic pressure or oth^ physical or 
chemical &ctors of (be solutioR, solvent gas or ^^ur stippUed to the jacket(s) contcol or 
regulate the conditions mside die tubular passage 17 as is commonly und^ood by a 
30 craftsman skiUed in die ait Chemicals infte fluid supplied to tiie jacket(s) 9 lue able to pass 
through tbe sebipetmeafale and ht porous walls of the ttdmlar passage 17 to **tn5at** the 
composite forming material 25 passmg tbetctbipugL h is also possible for chemicals in the 
composite forming material 25 to pa^s outvyaidly through the semipctmedbfe and/or porous 
walls of fhe tubular passage 17. The flm'dssi^^iHed to me composite farrauigm^^^ I7will 
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1 

obviously d^nd on the fype of compofiite fonmiig matedat 25 used and the s^potneaUe 
and/or poxous meooabranes used. However, by way of nsmple only, for the spbniiig of 
concentrated spider nugor ampuUate gland pMeui solidions» the jacket 9 may contain 100 
niM Tri$ or PIPES buffer solution, typioaliy at apH of 7.4^ and 400 mM sodium cMoiide to 
5 help Tnaintam the folded state of the pit>tdn. 11^ 14 may contaid 100 niM ammomum. 
acetate buffei' solution at al lowar pH, lypicai^y <SA ami 250 mM Ipotaisamiii chloride to 
encouzage the unfolding /refoldii^ of the protein. Hig^ molecular weight poiydtfaylene glycol 
can be added to the solution in both jackets to maintain or reduce the concentiation of water 
in the composite filming material 25. 

10 

It will be realised that the spinnbgtube or die 12 can be fi>lded back on itself or coiled 
or arranged in other waysi between &e tapered collar 7 and the spigot 13. The diameter and 
dO&s-sectlonal shape or the eadt 13 can be varied or adjusted to suit the diameter and cross 
sectional shs^ of Ae finmed material. For a fonned product having a eirailar cross-secti^naf , 

IS ^typical diameter of the oudetls fiom I to 100 |im and the typical diameter of the inlet to 
the tubular passage 17 would be fiom 25. to 150 times greater than die outlet diameter 
depeading on the extent of the extemdonal flow, it will be appreciated that the «yn»ngemmts 
and proportions shown in Figure 2 are purely exemplary and thus that additionalty 
components ms^f be added if desired. Potential modifications tt> the arrangemrats shown m 

20 Figure 2 will be apparent to persons skilled in the art. 

The peraicabiltty or porosity of the walls of the tubular passage may be the same 
dirougbout &e length of the Iatt«:, Altaomtively, however* if the tubular passage J 7 passes 
through mote than one treatmefit zone the permeabilily/parosi^?' of the walls of the tubular 

25 passage may cba&ge fiom treatment lont to treatment zone by using different semipermeable 
or porous materials for the walls of the tubular passage. TTiua the wails of the tubular passage 
17 may comprise: semiperrrteable material of the same penneablHty throu^ut the loigth of 
the tubular passage seiMlpermeable materiaJ of dil&teiit permeability for different portions of 
the tubular pa^ge; poroiis material of the same porosity througjiout the length of the tubular 

30 jrassage 17; porous material of diUfeient porosity for different portions of the passage; or 
semJpemieable ynaterial for one or more portions of the length of the tubular pas^c and 
porous material for one or more other portions of the tubular passage. As mooLtioned above, 
some portions of the walls of the tubular passage may be non-permeable. By way of example 
ossly, suitable semipermeable materials are: cellulose derivatives, eoqianded FTFE, 
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polysulfone, |x)tyeaqrJeiH>xicte-polysulfone blemb, tod sUlcone polyaciyionitEiIe bletids. By 
ymy of example only, the suitable porous materials are; polyaciylatfi, poly (lactide-co- 
glycolide), poeous Pll^, jpoious »Ijcon, porous polyediylette, ce]Iu]a<ie derivatives and 
dutosan* 

5 

It will be ai>prsciated that the apparatus is suitable for tiie infonn^itioii of fibi^ of 
sheets fitim all solutions of lyotiopic liquid crystal polymers whether synthetic or manntnade 
or Jiatutal or modified or copolymer miKtures or solution of recombinant proteins or 
analogues derived from them or mixtures of these. By way of example only these include 

10 collagens; certain <^UuIose derivatives; spidroins; fibroins; recombinant protein analogues 
based on spidroms, or fihioinsi, and poly (fSphenylene terephthalaes). The meihod is also 
suitable for use with other polymera or polymer mixtures proiaded that th^ dissolved in 
solvenfts^ iwfaedier aqueous or nafr^ueoua. protein solutions, cellulose or chitin solixtiiMS. It 
will al9o be appredatsd thai the use of one or more semipeimeable and/or porous treatment 

15 stones can be used for dies or die assemblies having essentially annular or elongated slit 
opening used tot the £im[%atian of sheet materials. 



Examples 



20 Exaittple I 

Highly cpncentiatsdacpieous fibroin prepare EulySoxiiMarBombyxmori 
silkwomn larvae were selected by tfaeu* size and lifi^ odour, tacking the darker pigme^tioa 
seen in late final ioster larvae immediately before cocoon spuming. Hiis stage was selected 
23 because ^e fibiohi in Ifae middle division of the silk gland was s^ll piesent as a iugbly 
viscous sol, havmg yet ti> tcsack the gelled state jieen in late fmal instar larvae. Similar 
preliminaiy results were obtained using protein removed fiom die proximal zone (A-zpi») of 
the m^jor ampullate silk gland of the spider N^Mla edulis but the much smaDer size of the 
gland and smaller number of spiders available precluded detailed investigation. 

30 

The selected silkijvonn larvae were opened and the siOc glonds lemoved mid placed fbr 
approxonately five minutes m distilled watc* in a plastic dish to fidlitatc removal of the 
epithelium flx>m the middle division. Th& proximal part of the middle division was selected as 
this contains much less sericin than the distal part IMs is because hiy»rs of serido are 
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^ progressively secreted around the fibfoin core by the epithelium as the fibroin core mov^ 
W through the middle di vhion. A blob of viscous piot^in taken fiditt fhe {Hoximal psrt of the 

mjddlo divisic^ vm washed for 10 itunttie in a batge excess of distilled water with ooo^sioiml 

veiy gentle agitation to r^tttavt the thin layer of sericin ooadng. Thereaflerihe still oobsxerA 
5 lupip of fifaioin was gently lifted fiom the dish mtfa watchmaker's fofC«p$ and blotled whb 

filter paper for 10 sec to remove excess wafer. Hie blob of fibioio was allowed to si»«Bd for 5 

to 10 minutes on a microscope slide. 

Examtaaiion with the differemlal interfiaence nuctoscope of the blotted fibroin at dii9 
1 0 under a dry cover slip showed ttflt ft coirtained two phases, a dear bulk i*a9e and numerous 
smdl spherical droplets rangtog fiom 0,5 to 2 jun in diameter. These drcqjiets were feurly 
unifomly distributed iiroughont the bulkphas6 aad extending rij^t up to the air / fibroin 
interfece. The droplets were idso seen in niawrial taken fiom the middle diviaon immediately 
after opening tiie larva and arc therefore not produced by ageing of the fibroin* When the air 
1 5 sunoundmg the spread fitaoin blob was replaced wifli distilled wat«r by aUovdng it to flow 
under the edge of the cover slip, a differait ^peamnoe dev^jloped at Ae Avsp interftcc 
between wat» and fibroin. The droplets in the bulk phase dis^ii^peared fifom the fibwAi ctosc 
to the di^tiUed water leaving a sbgle chsar phase (Figure 4 a). 

20 Obswvation of individual droplets showed that ftey could dissolve qdte rapidly into the bulk 
sometimes shritiking and disappearing widrfn five seconds to produce a single phase. 
This left a ^ne fi<ee of dxopleta that widened with time, s{neading inwards fiom the 
flbIo^n^vBter toteifecc. This is pioduced by the fowaid diffusion of wi?ter into the fibroin 
blob. The rate of widening of the clear atone decreased progresdvely with time presumably 

25 because the rate of difiusion of the water into the fibroin slowed mHi iraaeashig distance 
fiom the fibroin/water interface. 

These observations indicate tiiat the conoenti^ied nascent silk is feiorcd In the middle division 
of the gland as a two phase system and that these two phases unite to give a single phase 
30 when the piotein is slowly diluted. 

Example 2 
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IHe origin and &te of the smaU djoplets in fte secietoiy jwtlrw^ was studied in whole 
mounts of the Boml^x sUk glands and duct These were prepared ly infijsiog a buf&rtd 
fixaliw solniian cddainiag glutaraldelgrde and fonnaldehyde into the abdominal cavity of 
fitshly ojpcned final Instar sflkworm larvae in the act of spinning siflc Tbt fbnnaldehyde was 
fiesbty ptopsaxd by d^lym^zing itotafoimaldehyde. 

After fixation ftir one howr the exdsed gland and duct was mounted \viiole in Farant's gum 
and allowed to dear hdbre examination. Jti scms cases transveise sections of tiie middle 
division wen prepared nsing a ample pia odoiDtome and examined after clearii^ in Farant's 
ginn. The fibroin in the posterior and odddfe di^sion of the gland was seen to contain snail 
droplets appraocimately 0.5 to 2 fun l« diameter. TTiese droplets ^aed to elongate 
ixv^gressi vdy as the nascent silk filnora passed down duough tite conrcigiog lumen of die 
anteri^division and duct. A sindlar c^ot has been obaerved in the swtetoiy pathw^ of the 
major ampoUate silk gland of the dpidaJV^/Za edidis as pqxated by Knight, D. P. and K 
15 VaDiatfa in "Liquid crystals and flow elongatiott m a spider's silk prodm^'on line." 

Ptoceedhies of the Roval Soeietv of T^mdnn fari e B B-Biolfl^ ft^ 2<K<idl«>- sigu 

523. 



10 



Whole mounts of file A-zoae of the major ampullate gland of the qiider JViypAito e^is were 
20 also examined in the present study. The much Smaller diameter of the aai^ 

of the mkkQe enabled more detailed observation with the difRasntiBl faitei&raice mictosGope. 
A narrow clear sEone wms obscrwd in Ab A-<Kme hnnfaMd coni^ 
eprthelium. Cmttal to this Oe packing densi^ and ^ of the spherical driblets inoeased 
wth distance firam the hmrinalsnrfijce. This suggests that the huB^ . 

25 secreted as a single phase ttat in time undergoes phase sepanrtion into bulk and d^^ 

phases. To demonstrate that shearing could defbnn the mxSl droplets, concentiated spider and 
silkwonn nascent silk taken fiom the pKKdmal part ofthe middle division of silkworm 
gland or A-20ttc of the spider silk gland was moutued between slide and cover slip and gettdy 
sheared by displacing the cover slip approximately 5 mm. The small droplets were seen to 
have elongated in the direction of shear. Similar effects vfett observed in droplets subjected to 
divergent flow produced by allowing concentrated nascent dope was to flow out of Uie cot 
end of spider and silkworm glands mounted in distilled water. In this case the dmpleis 
elongated in die hoop direction parallel to the axes of elongatio 



30 



loa 
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'ChesG observations suggest tibat Ifae droplets in Bombyx mori pmist (hroughout the secretoiy 
p^fly fiom thd posteriox di vbion tbroiigh to the final silk tibread. It also su^ests that they 
elongate by elongational flow in die eonveigent diKtand by rafensional flow b the draw 
down taper to give rise to exttemdy osfarow etongated structures nmning parallel to the long 
S axis of the silk hnm 'm the Transmbision Eleotran Microscope, They also deinon^tiate that 
elongatioa of the droplets and orientation of the axis of elongation can be manipulated by 
strain imduced by elongational or exteosional flow and by shear* 

Examples 

10 

To study the formation of droplets fion) a corwentcated flbrotn soluticsi, a bicda of the blotted 
contents of Qie proximal middle division of the gland was p^^jared as descaribed above. This 
was tramfimd to a tared Eppondorf 1 .5 ml centnAige and reweighed* 1 pi of distill^ water 
was added per mg of blotted dope and the tube gendy veiy gentiy a^tated in a water bath at 
15 4''C overnight and then allowed (o stand for half an hour to sedimer;! any cell debris. 
Centrifugation wa$ not used as the solntton Is veiy sen^tive to diear. 

Drops of Che resulting concentrated supernatant solution were ec^nplelely clear when 

examined in the differential InterfeiDcnoe microscope withoid diyidig* The solution was then 
20 flowed 10 dry slcwIybetweciisUde and covet slip tmder the nucsos^ Ananowzone 

containing many small droplets 0.5 -15 pm in diameter formed at the intei&ce between 
solution and air at die edge of the cover slip wi^ 1 0 nmuites (JFiptit 4 1>). This zone 

widened as the solution dried and the droplets increased in size to 5-40pan witbm 30 inixKUte$ 
(Fig«xe4c}. Ibenumbv and size oflfaedii:>t>l^ varied in a grnded&shionac^ 
25 with a high density of small droplets aoljacent to the solution/water interface and fewer larger 
droplets at a somewhat greater distance fiom it (Figure 4c). The larger size of flic latter 
droplets may result from more rapid growth caused by less competition irom other nucleation 
sites. The packing density of the droplets immediately adjacent to the interface increased 
progressively with time and within 1 to 3 hours they appeared to have coalesced to form to 
30 form a narrow zone of continuous phase. Occasional spheru]itic crystals, resembling those of 
fibroin described by Magoshi et alJnan article "CiystaUizaiion of silk fibroin £rom solution/' 

Themtochimica Acta 352: 1 65-169 (2000) grew at the outermost edge of this suggesting a 
direct transition iiom coalesced oontmuous phase to a ciystalUne pha^. 
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These obs^rvsdans sbow that d phase separaiioa develops as concenttated fihroin solutions 
dxy, 



5 In sununoy, the observations descdbed in connection with to above exflmples show that the 
phase separations can be manipulated in the oascent silk sdutioni taken £roni silkworms and 
spidfflfs by conttoHing the water conteait. They also show tot small droplets fiDtming a 
dispersed phase within the concentrated nascent silk solutions can be extended and orientated 
fay extensional flow and shear. 



10 
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CLAIMS 



1. 11» use ofa starting sofazdim la film a phu^ 

tasbgoMt wherein the stalling soIixtioncompriBea at least qds protein and a least ome 
filrthea'ODmpoimd, the pluralily of fiQer element bdng foimed fiom the at 1^ one 
ftnrtfaer compound. 

2. The use of ckim I in which the filler dements axe fillei pattides, filler iibnh, 
etoi^gats fluid-fflled cavities, or micelieSb 

3. The use of clmm 1 or 2, ^ereio the stariiog solution contsizis a mixtiiie of two or 
moss proteins or synthetic protein analogues or synthetic poJymeat^ or a mtxtore of 
synthetiQ polymer or polymers and one moie proteins. 

4. The use of ckims 1 to 3 vdierein the starting solution comprises a pha^e separating 
agent selected fimn the gjtovp of phase separatmg agents^ consting of proteDglyeans, 
glycosatniooglyc^ns, carbohydtates sucb as trBhalose» sucrose, polyols, peptides or 
proteins rich m scriueand or threonine, glycerol and its derivatives, and dsdsr^ts. 

5. A method of Ibraiing a composite material containing apiur«^ty of filler elesmetsds 
compnsiiig; 

i) a £xst step ofprq?azii:ig a starting solution conta^^ 
least one fiirtho: compound; and 

iO a second step of inducing the stalling sohstion to separate into a b 
sunorphase, 

6. The metihod of cteimS, inAuxdnthe starting solution comprises two ormofc proteins 
or ^ttetic protem anabgues ox syoOietic polymers or a mixtuifi of syntiietic polyxoei' 
(sr polymera and one or nrnip protdna. 

7« Tt» meOiod sccording to any one of claim S or 6, veit^in the starting solution 

compdses a phase sepazadng ug^L adlta:ted fiom the groqp of phase separating agep<3 
coinsistiog of proteogiycax^ glycosamtnoglycanst caibdisrdraies such aa ttehalosa, 
sui^se^ polyols, peptides Or pmtefais rich in serine and orthreoainet ^ycerol and its 
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^ doivadvesp and detorgenls 

contains a solvent and the second step is initiatod wflidiawing the solvent finml (be 
starting mixture 

■ 9, The method ofdaim 8 wherem the TOthdi^^ 

tlie starting mixtiire, by the addition of a solvent-binding agrai or ag^t% by altedng 
. . dieplibyalterii^thetmpetaturekbyGba^ 

s^ts, by adding ofh^ phase sepesaling compound of campounds» or by a combination 
of tvvo or of thiese j&ctors. 

10. The method according to any one of claims 5 to 9, vvherrin the srtaiting solution 
comprises a mlxtuie of spidndn I and spidioia II or analoguos tb$r^f. 

11. A method according to one of claims 5 to 9, wkexdn the starting solution containd 
a nDuxture of fibroin protdns or analogues dieceof. 

12. The method according to any one of claims S to 9» wherebi the ^t^rtii^ solution 
oompii8«i fibrous proteins. 

Id. The method according to any one of claims 10 to 12» v.iierein the sMiog solution 
comprises native or recombinant-pioduced proteins or protein ftagmenttSi 

14- A method accordingto any one of claims 5 to 9, wlierein the at least one protein of the 
starting solution comprises a spinning dope extracted from the silk gland of a 
lepidoptaau msect or fiom m araClinid. 

15. The method according to any one of claims S to 14, herein the minor phase 
comprises micelles. 



16. 



The method fliiteonling to any one of clauzis S to 14, lA^^ 
comprises small dtoplet^ 



SENT BY: OPTIMUS_PATENTS ; +44 1256 816242; 21-MAR-03 23:23; PAGE 30/42 

&]i364GR -27, 

17r Tlie In9&<>dacooIdi^g to doim 16 wherein the 

1 S. Hie method accordiiig to daim 1 6 whereb the small droplets Are caused to solidifyr to 
become solid filler paitioles. 

19. Ihe method accoixlins to claim 16 wbercuL the minor phase includes at least one 
materia, vdudi becomes crocs5-U^^ 



20. The ms^thod according to claim 16 ^erdn the small droplets are caused to eli;»2pie 
into elongated filler fifaiils or elragated fluid filled cavided- 



21. Themedaodof BnyQ3ieofcla]m5 5to20£brdiercomiHisu^ 
composite mstoial through a diOi 

22. Ibe method ofclaim 21, ^^Aereto the die h^ 
suriaoe along and towards ti» asds of the die. 

23. ThemeibodofclaimZl or 22, whenan the minor phase is elongated su^^ 
paralid to the paraHet axis of the die. 

24* The meShod according to claim. 2 1 Yvfaerek the die has a divergpeH fonn. 

25. Ilie method aoconlingio daim 24 \viiereui the 

mto elongated filler fifanla or dong^ted fluid filled cavities orientated m curved hoops 
describing the axes of elongation as flie composnte maierid is flowed tiKWgh the die 

26. A method according to any one of daims 21 to 25, \^erdn the minor phase remains 
fluid as the composite material is flowed throng the die to fomi dongated fluid filled 
caYides. 



27. 



Hie method according to any cine of claims 21 to 25, whetein £he composite materia] 
is Mtially ptiesent as a fluid vdihiD. which the minor phase solidifies duriiig passage 
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Uuongh &e die to fbim elongated solid fibrils. 

28. The mefliod accoidiiig to any one of cWms 21 to 25, vtok the composite material 
is inilialiy present as a fluid wiflrin wWch the minor phase is cross-linked ixmng 
passt^ fhiough the die to fann elangated hard or elastomeric fibrils, 

29. A method ofejdniding a starting niaterial to fom a conqjosite 

p!ma% of finer elements eoiapming; 

i) a first step ofpiepariag the starting solution; 

ii) a second step of inducing the starting solution to separate into abulkphasc and a 
minoi: {dias^ and 

iii) a tWtd step of extreding the starting material ettherprior to oi cofacident wKhfta 
second step to fonn the compodte material 

3a Themethodofclaim29,w*ereinthestaiting$6hjtioncomprise8^ 
or synthetic protean analogwes or synlfaeac polymett 
or polymeis aial cses <s wops pioteios. 

31. TiBmetiiodacmdiflgtoaivoiieofolaim528or29.i»hewin 



comprises a 1 

consisting of proteogtycana, jjlycos*^^ 
suaose,pdyoIs.p.^tidesorpmJBinailchinsBrinBandor1h^^ 

derirativesr and ddeiSieDla. 

32. Tltei!tMfl»daeooidiiigtoHivoiwofdaims29or31,whflieinfiws^^ 
additiojially contains asolwntandte second step is iritiai^ 

sohm fiom ttie starting mixtxin. 

33. The method of clahn 32, ^lAffldn1Jlfl.vwflKta^ 

dryii^ the starting mixbirttly the addition ofasoWent-Kmfingagn^ 

altering littpH.lv altering the ten^eratnre, by ciha^ 

inoiganio salts, by adjfing other phase separading compound or compounds, or by a 

Gombiiwiioiii of t«H> oenxHie of these fictors. 
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■34. Hw melhod according to any one of claims 30 to 33, vAiadn the starting solutioa 
uprises a mbctuie of spidroin I andspidroio H or analogues thereof. 



come 



35. Am«rtfaodwajrdir«tqwOTeofclairn5 30l»33,wlw^^ 
oontaias amfacture of ObwiniHotdns or analogueaftereof. 

36. Tb6 method accoidiDg to any one of claims 30 to 33. vAerrfn ^ stating soh«tlon 
coDquisea fibrous piotebs. 

37. Tl^metbfidaccordHs1oa^yODeofcldms34toa6,vrf«!«^ 
comprises natfve or iwombinant produced protrios or pt^ 

38. Ame*od«CPordlnBtoanyoncofd«n^30to33,i«h^ 
a« startmg sdution oomi^ses a spinnmg dope ex^ 
Iqpidopteran inswt or from aa arachtdd* 

39. item8tboda«Drdingtoai]yoiKofclaiiits29to38,.vh^ 
comprises small dropl^ 



Tlie metM «»ordittg to m»y <me of clafan 29 to 38, 1^ 
conrprises aaaaU droplets. 

Tto mrihod accoidlng to otaim 40. hereto the si^ 

Tlusmettod aooordingto daim40. vAerwalte sm^ 
bedome sofid filler jMitidea. 

ttfflieiH WMch becomes ctoss-iinkBd to ta bM^ 

44. The mea»d accoidtog to claim 40, the small droplets aie caused to elongate 

or 



40. 

41. 
42. 

43. 
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45. TheniethDdofanyoi«ofclaim329to44fWtocompi^^ 
GonQiodte material tbroufi^ a die. 

46. Thctnethodofclaim45,vvter«alhcdichasacottv«ageiAfoim 



47. TiieineflH>d(rfclaim45or46.wher^toiia^ 
parallel to *B parallel a3ds of Ifae die. 

48. mim!fl»dam>nBT«t0claim45whei^thedieto 

49 T1«t^fl,odacoordingtociaim48,wl»remthesn.aUd«^ 
intoelongatedfi1iafibriko.etoB««t«dfl«id<iaedcav^ 

50. Amefl.od«cordi3^tow.n««^cla^45t.49,v*e^ti«^ 

Add aslhe comp^^^ « flo^tl»^fl« ^ elongated fhud filled 

cavities. 

51 T^med.odac««din8i»«^oneofdai«s40 

«imtiallypn=sentasa0^dwittowhlchtl«nH«c^ 
Uiroogh Ihs die tofonn ^tojigjaMaoUdfihri^ 

iMti^pie.ent«aflaid«idda^ch*c.U«.ph««l««^^^ 
tofl^fhcdie to foim etoDgatedhaidor dasa^ 

A„^RparatoafeWi»gaco«ii»slteffiate^ 
-astoiaaeiwmpartoentlbrstoriisttesta^ 
Old at least one fiitliier oofmpouod; and 



52. 



53, 



. into abulk material containing 

OBC lUHOCT comiwuuu w* i " 

a phmliiy of filler riemfiwU^ 
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eloQgated fluid filled cantiss amoifieDes. 

55. iTk apparatus ac«Hdhigw claim 53 or 54, vjhere^ 

comprisBS a compartment for vnliidiawlne a solvent fiptn Ih^ slartrng mixtare l>y 
diying, by the additiwi of a soIvent-Wtidiiig a^<» ag«a»ts. by altamg thepH of the 
starttognnxfiin^ by altering thetonpeiatiiie, changmg pressure, by adding 
inois»de sdts to startinginfartu«!,tva^ 

56. The appartua acciwHng to claim 53 or 54. wiieirin the phase separation compartaeBt 
I acompartment in whiiA the smflU droplBta are caused to «lon 



57. -ae w««l»s «««di,^ to ohim 53 or 54 whei«in the phase aepaiation coinpartment 
cofflprisesacompartaotftowHiittefillerelerawtsaieano^ 

become cross-lixjked. 

58 TT„apparatusaocordiogtoanyone<rfdaimsS3to57.when«nthBS^ 

conlaiiisaimxtare of two or more native proteiiB or syiill«ticpiot«n aiffllogaeB or 

syolhetic polymers or a mktpie of synlhfitio prf^ 

proteios 

59. The^pa«tu5awoidiiigtoaDyoneofclaiHffl53toS«,w^ 
oonqjrisesamixtutoofspidroittlands^ 

60. Tt«appaiat«a6wrdJi«t«iaiiy«»afdaiiaa53to57,v^ 
coirtaiiB B inistuic of fibidn piotdna or anrfogues thesBofi 

61. Tiiemdhoda«»idingtoaJVMBofclaims53to57.wh^ 



62. ll«nietl»dacconiiiig1oaivoi»ofcWffls53to57.vrt^ 
oomorisestialiveorTWOinbiMnt-piodoi»d|BO^ 
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63. The BBpafatas wxonfing to one of claims S3 to 57. wherein the starting solution 
CCHDprises a spiMing dope exlMC^ 

fix»aaaazachni4 

64. AaappOTtuafbrextnidingacompodtematedalfomAsta^ 

- a storage araipatnent stwiiig tihfl Btait^ 

- aphase sepaiaaonctmpflrtmeElfor sepaiatingtiie starting inixtuie into abulk 
nafcrial contaiTOJTg aiAuralily of fiUwelem^ 

- an wlwsion co^^»aItmBIIt for extreding Ow bulkniiiteriaL 

65. The8pp8ratusofcldm64.wheranlhcffllerelmaitsarep^ 
doi^ted fhnd fiUed cavities oi micelles. 

66. Ttae aRpaiatus accordii^ to claim 64, or 65, whereia ibs phase sepandioa oempartment 
comprises a compartment for vwith*awing a aolveirt fiomthe starting mixture hy 
diyiiife by the addilioaof a solvent-binding agent or agents, by altering the pH of the 
siartiag mixtuie ^altaing the ten^Brahire, by changing 

ittotg^Mc salts to fte starting mixture, by adding to ih© ata^ 
separating compoimd or compounds <ff a combination of fl^ 

67. Tbe^rparatusa<wrdingtocla3m64or65T»iierdntliep^^ 

68. Hie ^)patatas accowHng to oWm 64 or 65 ^idn U» pliase separation compartment 
KOTjaiaesBcongHiimeirtinwhichfiieflnwd^ 

bfloone oosa-finkedL 

69. Tiiei5pafaiHsa««ordingtoai^yQnB(rfcialms64to6^v*^ 

eontaina a mnrtnw of two or more proteins or ^etic protdn analognfis or gynfhedc 
polymew or a nrixtttw of synthetic polyn^ 



70. il«appaiatusa<«onHn8toaiiyonscfclaini364toe9,i!Ae^ 

oompdses amixtui? of spidroin 1 and spidioln H «w analogues thereof 
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dp 71. Tli©appataiiis««o<ttdiiigto8pyoiwofcl^ 
coDibdbas amixtuieof fibn^ pra*^ 

72. TTicj««ratasacccrt5ngtoaqyooeofclai^ 
oonqaises fibnms iin]4dii& 

73. Tiicaptaratusa«»idtogtoanyoiieofcto64to69.>)^^ 
CQinprises Mlive oriecoinWnant^prDduoed protan fiagawuts. 

74. The apparatas according to my one of daims W to 69. wfacrcin the stertinB solutioo 
conqdsK a spinnii« dope «£t^ 

fioicL an arachnid. 

75. CfflnporfteiaaledWin8ds8KW>^ 

76. Compositejnalerialconqsrisingatleastoflfiiaoteto 
wterein the composite material has a hulk 

^hcrtin fit least one of ftBbulkphas^ or the pluidity of ffler demote 

least one protein. 

77. Ttematerifl3ofclium76.^5AeranthBcompo!dtei^ 
pn>tei3>s Of spthetio prat™ aMl^ 

poiydKT 01 polyniEra and an« or BiKOT proteto 



78. 



The material of dalm 76 ot 77. wherein the composite maletiBi comprises a mixtuK of 



or 



79. iton,atB?iaIofdaim76oc77.y*firaJnftscomposto 
fDircnn prateiis IB- andotg^es fheiM^ 



80. llieiiw»erialofctaim76orr7,whteanflwcompoBitemaiBrialcontmM 
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81 . Tic nfflterifll of claim 76 or 77, -whereto the compoflito mtfcrial ccmiaiiis native or 
recoinlrixiant-|m>ducedpra^ or protein ftagments* 

82- The matedal of daim 76, wherein the at least one protein of the composite material 
comprises a spinning dope ejdiacte^ 
fiMoimcaadmid. 

83. Starting ■matenal for nse In the prepacafion of a composite matsrial vdth a pluyalily of 
filler elements compri^g: 
at least one protein; and 

at least one other compound, whareby at least pgrtld phase sepaiation between the at 
le&5t one protein and the at learf one olhar compound cm 

ler elements. 



S4. The material aecoiding to clnim 83 further comprisirig a solv^ and wiwrein the at 
least partial phase separation c<»ur5 by removal of the solvent 

85. The material according to cl ahn S3 or 84, further comprising a mixture of two or more 
protrins, or synthetic protein analogues, synthetic polymers, or polymcra and one or 
tDOic proteins, or fia^ents thereof. 

86. Ibfi material according to one of claims 83 to 85 oomprisittg a mixtarc of spidroin I 
and ^idroin H or analogues thereof.. 

87. n» ntaterial aocordfaig to one of cteixna 83 to 8S comprising amixluTB of librran 
pfOtema or vGnaloguss Ifaexwf. 

88. Thematerialaccoidmgtooneof claims 831o85con^^^ 

89. The matisrial according to one of claims 83 to 85 comprismg wtive or recombinant- 
pioduced ptotdns or parotein fiagnmts. 



90, The material acconJiag to olaima 83 to 85, ^heardnthc at least one protein of the 
Statting solution comprises a spinnii^g dope exti^^ 



SENT BY: OPTlMUS.PATEhrre; -^4 1258 818248; . ' 21 -HAR -03 23:25; PASE 38/42 

StOMGB '33- 

■ 0 

lepidcq;rteian insect or fiom an arw^ 

91 . C^K"p^?tfQ»i acconfing to my one of ddJms 84 to 90» ivlificein the aolvetsit comprises 
at least ivBiBT. 



92, Apparatus substanKally ^ hereinbefore described with reference to, and/or as 
iUustiatedby Fig. 1, Fig, 2 otFig. 3. 
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ABSTRACT 

The use of a starting solutioa to form a plurality of filler dements in a composite 
makiial is tau^t in this appllcaHcm. The staitfaig sohidon comprises at least one protein and a 
least on« forflier ocanpomd, the pIiiraHty of filler element being fiirmed from the at least ono 
fiirther compound- Using ihis starting solution, ftather maimals ifl^«rtiug diffcrwrt properties 
can be incorporated into the extruded proteins- 

Also disclosed is a mefimd of forming a composite m^erial i?antaimE« a phnsdity of 
filler elements. TMs method con^jrisesa fist siep <rf preparing a starting solution containing 
at least one pioleiu and at least one fbrihe^ campoimd and a second 5tq> of mdudt^ the 
starting solution to Kpaiate into a bulk pha» and a mnwr phase. 

The^axatushasastori^gBConqjarl^ i^ixfttfe* te starting 

solution and a phase separafion oon^iartamt In the phase separation compartment, the 
protdn and the fhrihcr coojgpound of ^ 
bidkmaterial cortahang apluraH^ 

(Fig. 1 for publicatimi with absbaet) 
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